Sugar -* HCOOH -+ H2 + CO2
Harden showed that the characteristic lack of gas formation by Salmonella typhosa is due to the inability of the organisms to split formic acid and the latter therefore accumulates in the culture medium. This is true also for non-gas-forming or anaerogenic strains of Salmonella paratyphi strain B (Tasman and Pot, 1934) and of anaerogenic coliform bacteria (Ordal and Halvorson, 1939 ; Gordon and Stickland, 1949) .
The enzyme or enzyme system responsible for the splitting of formic acid was named formic hydrogenlyase by Stephenson and Stickland (1932) . Their investigations and the subsequent work of others (Ordal and Halvorson, 1939; Gest and Peck, 1955) have supplied much evidence, mostly circumstantial, that the decomposition of formic acid into H2 and CO2 is a relatively complex process and may require the participation of two enzymes, hydrogenase and formic dehydrogenase, and also intermediate electron carriers. This aspect of the splitting of formic acid is not yet fully clear. Stephenson and Stickland (1933) found that formic hydrogenlyase is an adaptive enzyme. It is not synthesized when Escherichia coli, for example, is grown under aerobic conditions in the absence of sugar, e. g. on nutrient agar plates (Stokes, 1949) but will appear when suspensions of such cels are incubated for about an hour with formate and certain nutritional supplements. The latter include a source of energy such as glucose and several amino acids presumably required for the synthesis of the enzyme (Pinsky and Stokes, 1952a) . Interestingly, adaptation proceeds better in old cells than in young ones (Pinsky and Stokes, 1952b) .
Most studies of formic hydrogenlyase have been made with coliform bacteria. The present investigations were undertaken to determine some of the properties of hydrogenlyase in Salmonella and the relation of this enzyme and the possibly associated enzymes, hydrogenase and formic dehydrogenase, to gas formation in normal and anaerogenic strains.
MATERIALS AND METHODS
Nine cultures of the genus Salmonella were used. These The activity of the hydrogenlyase in Salmonella is greatly influenced by the imposed pH level. This is shown for S. typhimurium in figure 2. The cells were grown in glucose broth and suspended in 0.1 M phosphate buffer at each of the indicated pH values. The optimum pH for hydrogenlyase is 5.1, the lowest level tested, and the rate of H2 evolution decreases with increase in pH of the phosphate buffer. For S. oranienburg the optimum was also in the range of pH 5.1 to 5.5. Stephenson and Stickland (1932) reported that the optimum pH for hydrogenlyase activity of Escherichia coli is 7.0 and that activity decreases rapidly at lower and higher pH levels. Thus, the activity at pH 6.0 and pH 8.0 was only about 20 per cent of that obtained at pH 7.0. In a later publication, however, Stephenson (1937) The rate and extent of H2 consumption with S. oranienburg in the presence of fumarate is shown in figure 3 . The cells rapidly take up H2. There is a small amount of H2 consumption due to the endogenous metabolism of the celLs. When methylene blue is substituted for fumarate, the rate of H2 consumption usually increases greatly. This difference is much more pronounced in the case of aerobically grown cells, as will be described later, and is probably a reflection of the rate-limiting effect of fumarate activation or of the intermediary electron carriers involved in the reaction.
Formic dehydrogenase. The above-described Salmonella cells also catalyze a rapid uptake of 02 in the presence of formate. This would seem to indicate that the celLs contain formic dehydrogenase, the enzyme involved in the reaction:
But as has been often emphasized by Gest (1954) and others, the significance of this reaction in cells which contain both hydrogenlyase and hydrogenase is not clear since 02 uptake could also be due to the oxidation of H2 released from the formate by hydrogenlyase and catalyzed by hydrogenase. Our earlier experiments with E. coli have suggested that this difficulty can be eliminated by carrying out the formate oxidation in borate buffer at pH 9.0, since under these conditions the hydrogenlyase reaction is virtually completely suppressed. This has not been tested, as yet, with Salmonella. Gest and his associates (Gest 1954), however, have been able to repress hydrogenlyase activity in cell-free extracts of E. coli without inhibiting formic dehydrogenase by adjusting the extracts to pH 7.2.
Cell from agar. When the gas-producing strains of Salmonella are grown on agar plates of glucosefree media, the harvested cells, in contrast to those from glucose broth, cannot release gas from either glucose or formate. This inactivity of the cells is not due to any inability to metabolize glucose. Actually, they ferment glucose rapidly. The course of a typical fermentation by S. pullorum suspended in bicarbonate buffer is shown in figure 4 . The 5 umoles of glucose were completely fermented in 35 min. The CO2 balances for this particular fermentation and for those of other Salmonella (table 1) also indicate that the cells from agar ferment glucose without the formation of gas. The close agreement between the initial HCO-CO2 and the sum of the CO2 liberated by the fermentation acids and the residual HCO,-C02 proves that only acid was formed. If CO2 also had been produced metaboli- figure 5 . When used singly, the formate, glucose, and casein hydrolyzate fail to stimulate enzyme formation. Occasionally glucose will permit some adaptation, but this is apparently due to nitrogenous impurities carried over in the cell suspensions from the culture medium, since washed cells will not adapt with glucose alone. The combination of glucose and hydrolyzed casein is sufficient for enzyme synthesis. The further addition of formate merely speeds up the rate of adaptation slightly. The non-essentiality of formate is understandable since the fermentation of the glucose by the cells automatically gives rise to formate.
Salmonella cells, like those of E. coli, therefore require both a source of energy and amino acids for the synthesis of hydrogenlyase. Also, as with E. coli (Pinsky and Stokes, 1952a ) the optimum pH level for adaptation lies between pH 6 and pH 7 (figure 6). Synthesis of the enzyme is favored, therefore, by higher pH levels than the activity of the enzyme. The latter, it will be recalled, functions best at about pH 5.
The S. gallinarum, which can be considered to be an anaerogenic variant of S. puUorum, were subjected to enzymatic analyses in order to compare them with the gas-forming strains.
The results of the enzymatic analyses of the anaerogenic cells harvested from glucose broth cultures are given in table 2. Unlike gas-forming strains, the cells did not produce H2 from either formate or glucose. They do not contain hydrogenlyase, therefore, and resemble in this respect the agar-grown cells of the gas-forming strains previously described. But unlike the latter, the anaerogenic cells will not synthesize hydrogenlyase when placed in contact with formate, glucose, and casein hydrolyzate. They possess hydrogenase, which can be demonstrated with both fumarate and methylene blue and the latter, as usual, is the better hydrogen acceptor. Some of the strains exhibited strong formic dehydrogenase activity while others were completely inactive.
The absence of hydrogenlyase in the anaerogenic strains suggested that fermentations of glucose by them should lead to an accumulation of formic acid, whereas fermentations of hydro- (Ordal and Halvorson, 1939; Gest, 1954) . Recently, more direct evidence was supplied by Gest and Peck (1955) 
SUMMARY
The formation of gas from carbohydrates by the genus Salmonella is due to the action of formic hydrogenlyase. The properties of this enzyme system in Salmonella are very similar to those of hydrogenlyase in E&cherichia coli. Like the latter, aerobically grown cells do not contain hydrogenlyase but will rapidly and adaptively form the enzyme or enzyme system when supplied with both glucose and amino acids. The enzyme is most active at about pH 5 but is formed best, adaptively, by cell suspensions at pH 6 to pH 7. In contrast, anaerogenic strains of Salmonella neither synthesize hydrogenlyase during growth in glucose broth nor adaptively in resting-cell suspensions with supplements. As a consequence, formic acid accumulates in glucose fermentations by the anaerogenic strains. This does not occur with gas-forming strains.
Cells of both gas-forming and non-gas-forming strains of Salmonella contain an active hydrogenase. Hydrogen consumption by cell suspensions could invariably be demonstrated with methylene blue as hydrogen acceptor, but not always with fumarate as acceptor. Formic dehydrogenase was present, unequivocally, in some of the gas-forming and anaerogenic strains. The data indicate that there must be an enzyme other than hydrogenase or formic dehydrogenase which participates in the hydrogenlyase reaction.
